Maize (Zea mays 1.) embryos, isolated from the developing seed and incubated in dilute buffer, show reduced triacylglycerol (TAC) synthesis, and accumulation stops after 24 h. Synthesis and accumulation can be maintained at high levels if the incubation medium contains abscisic acid (ABA) and/or a high osmotic concentration. Radiolabeled free fatty acids accumulate at higher levels in embryos that contain less TAC, and acetyl coenzyme A carboxylase activity remains essentially unchanged under all of the conditions tested. In contrast, the activities of the acyltransferases required for TAC synthesis remain high only in embryos incubated with ABA and/or a high osmotic concentration. Dose-response curves showed that 4 p~ of ABA or mannitol at -1.0 MPa elicits a full response; both values are within the range considered to be physiological. The TAC synthesis capacity and diacylglycerol acyltransferase activity lost by pretreatment of the embryos can be restored by re-exposure to ABA or high osmoticum. Cermination is not involved because isolated scutellum halves showed the same changes in enzyme activity found in the whole embryo but did not germinate. Our results provide direct evidence for the regulation of TAC-synthesizing activities in maize embryos by ABA and the osmotic potential of the environment.
During seed development a number of processes related to deposition of stored reserves in the embryo and the endosperm have been shown to be regulated by ABA and the osmotic environment of the seed (Bewley and Black, 1994) . It was shown in a previous paper (Rodríguez-Sotres and Black, 1994 ) that these two factors induce and maintain high levels of TAG synthesis in developing wheat embryos. Although the mechanism mediating the effects of ABA or the osmotic potential has received considerable attention, there is still insufficient information regarding specific proteins that are under the control of these two factors. For instance, a number of late-embryogenesis-abundant proteins have been shown to be subjected to ABA regulation, but only in a few cases has it been possible to relate their presence to a particular physiological response and to assign a physiological role to them (Skriver and Mundy, 1990) .
The aim of this work is to provide evidence for the regulation of some TAG-synthesizing enzymes by ABA and the osmotic environment in embryos isolated from developing maize (Zea mays) seeds. In addition, we extend the observations of Rodríguez-Sotres and Black (1994) to maize, a cereal with a higher oil content in the embryo.
MATERIALS AND M E T H O D S
Maize plants (Zea mays cv Chalqueíío or Crystal Yellow C5, a kind gift from Eng. Hugo Cordoba of the International Centre for Development of Maize and Wheat at Texcoco, Mex., Mexico, CIMMYT) were grown under natural conditions in an experimental field at the National Institute for Forest and Agricultura1 Research (INIFAP, Zacatepec, Morelos, México) . Young cobs were covered with paper bags (Lawson pollination bags, Northfield, IL) and were manually pollinated after female flowering. The age of the seeds is reported as dpp. At 23 to 25 dpp the cobs were removed from the plant and transported to the laboratory. AI1 radiochemicals were from NEN Dupont. Nonlabeled oleoyl-COA, dipalmitin glycerol, TAG, glycerol-3-phosphate, ATP, acetyl-COA, malonyl-COA, buffers, and chemicals for PAGE electrophoresis were from Sigma. Silica gel plates were from Aldrich. A11 other chemicals and solvents were obtained from standard suppliers and were of the highest purity available.
During transportation (about 2 h) the cobs were kept on cotton pads wetted in a solution containing 20% PEG 6000, 30 mM SUC, and 10 FM ABA. Developing maize seeds were surface-sterilized with a 1% solution of sodium hypochlorite in 16% PEG for 25 min and thoroughly washed with sterile 16% PEG solution. The embryos were excised from the maize seeds under sterile conditions. To allow the embryos to recover from the stress caused by the isolation procedure they were first incubated for 48 h in 10 mM Mes buffer, pH 5.5, with 1/10 strength Murashige-Skoog macronutients, 30 mM Suc, 500 mM mannitol, and 10 PM ABA. When incubated under the above conditions the embryos retained a substantial fraction of their initial TAG synthesis capacity for severa1 days. A11 values corresponding to zerotime embryos correspond to the behavior observed after the initial 48 h. AI1 indicated incubation times are subsequent to this initial treatment. Plant Physiol. Vol. 114, 1997 A typical treatment consisted of 15 isoiated embryos incubated in an Erlenmeyer flask at 25°C for 24 to 96 h in the dark, in 2.5 mL of 10 mM Mes buffer with or without 30 mM SUC, 600 mM mannitol, and/or 10 p~ ABA alone or in various combinations. In some experiments 1 / 10 Murashige-Skoog macronutrients were included, but results were the same regardless of this last addition. For labeling experiments the embryos were incubated for 4 h with 2 pCi ['4C]-acetate or for 5 h with 100 pCi [3H]-acetate and 25 pCi [35S]-Met in 2.5 mL of medium at the end of the indicated incubation time and prior to extraction.
TAG extraction and separation was performed according to Rodríguez-Sotres and Black (1993) . Microsomal fractions were prepared as described in Cao and Huang (1986) . Determination of radioactivity incorporation into TAG was done as described in Rodríguez-Sotres and Black (1994) . For the determination of the total radiolabeled fatty acids the extracted lipid fraction was hydrolyzed in alcoholic-KOH as described by Entenman (1957) and separated by TLC in the same system used for TAG separation. Fatty acids were identified with a mixture of C14:0, C16:0, C18:0, C18:lA9, C18:2A9*12, C18:3A9,1z,'5 as standards.
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This activity was determined by the incorporation of l-[14C]-oleic acid from l-[14C]-oleoyl COA (NEN Dupont) into lysophosphatidic acid (00 and Huang, 1989) . The typical reaction mixture contained 0.1 M Tris buffer pH 7.4, 2 mM MgCl,, 0.04 mM lysophosphatidic acid, 0.03 mM 1-[14C]-oleoyl-COA (15 nCi), and 5 to 20 pg of microsomal protein in a total volume of 0.15 mL. The reaction was stopped by the addition of 1 mL of ch1oroform:methanol (l:l, v / v ) and the chloroform phase was recovered, dried, and applied to a silica gel TLC plate. The plate was developed with chlorof0rm:methanol:acetic acid:water (25:15:4:2, v/v), and the phosphatidic acid was spotted by staining with iodine vapors, scraped from the plates, and counted by liquid scintillation.
DA G-A 1 DAG-AT was measured by the incorporation of labeled l-[14C]-oleoyl-CoA (NEN Dupont) into DAG (Cao and Huang, 1986 Acetyl COA Carboxylase Acetyl COA carboxylase activity was determined in the soluble desalted extracts from treated or untreated embryos according to Charles and Cherry (1986) . The final assay contained 50 mM Tris-HC1, pH 7.4, 2 mM ATP, 2.5 mM MgCl,, 50 mM KCl, 300 FM acetyl-COA, 1 mM DTT, 30 mM (1 &i) NaH14C0, and 30 pg of soluble embryo protein in a final volume of 150 pL. After 4 min of incubation at 30°C the reaction was terminated with 60 pL of 6 N HCl and the mixture was dried onto Whatman 3MM paper discs and counted by liquid scintillation.
Total Protein Extraction
For the extraction of total protein embryos were ground with a mortar and pestle in 5 mL of 100 mM Tris buffer, pH 8.0, with 5 mM DTT (Cleland's reagent), 1% SDS, 0.5% Tween 20, 0.15 M NaCl, and 2 M urea. The extract was centrifuged at 10,OOOg for 15 min, and 20 mL of cold acetone containing 1% HC1 was added to the supernatant. This mixture was shaken and incubated for 12 h in a cold room.
The precipitated protein was then recovered by centrifugation at 15,OOOg for 30 min and resuspended in a small volume of sample SDS-PAGE buffer, which contained Tris-HCI, pH 6.8, with 50 mM DTT, 1% SDS, 2 M urea, and 0.2% Tween 20.
Protein was determined by the bicinchoninic acid procedure, using BSA as a standard (Smith et al., 1985) . SDS-PAGE electrophoresis was performed as described by Laemmli (1970) except that the gel contained additionally 2 M urea and 0.2% Tween 20. Western blotting was performed as described by Towbin et al. (1979) .
Oil Body Protein Purification
Oil bodies were purified by grinding immature maize embryos of 30 to 35 dpp with a mortar and pestle with 100 mM Hepes buffer, pH 6.8, 5 mM DTT, 0.15 M NaCl, and 2 M urea. The extract was centrifuged for 10 min at 10,OOOg and the upper fat layer was collected. This layer was washed with fresh extraction buffer and recovered again by centrifugation. Washings were repeated until the fat layer was white and there was no detectable pellet in the centrifuge tube. The purified oil bodies were finally washed with cold diethyl ether, dried, and resuspended in SDS-PAGE sample buffer. Oil body proteins were separated by SDS-PAGE in 14% gels and the oleosin bands were identified by their molecular weights. Thoroughly purified oil bodies gave gels with only two protein bands with molecular masses ofrabbits. Injections were repeated after 2, 4, and 6 weeks with incomplete Freund's adjuvant. In western blots of total protein from maize embryos the anti-oleosin antibodies thus obtained reacted with only two protein bands of 18 and 20 kD.
For the determination of the incorporation of [35S]-Met in oleosins, a crude oil body fraction was obtained as described by Ting et al. (1996) and the oil body proteins were separated by SDS-PAGE in 14% gels. The proteins were blotted onto a double layer of nitrocellulose paper. The oleosin bands were identified with anti-oleosin antibody, cut, and counted by liquid scintillation. Neither the second layer of nitrocellulose nor the gel after the transfer had detectable protein. One aliquot of the crude fat layer was extracted three times with diethyl ether and the lipids so extracted were separated by TLC for the determination of the [3H]-TAG.
RESULTS
AND DlSCUSSlON
Immature 25-dpp maize embryos isolated from the seeds were able to accumulate TAG in vitro when incubated in media containing Suc (30 mM) and ABA (10 PM); SUC and mannitol (600 mM); or SUC, ABA, and mannitol ( Fig. la, BSA , BSM, and BSMA). In contrast, when the embryos were incubated in the absence of a high mannitol concentration and 1 or ABA, TAG accumulation stopped and a small reduction in its content was observed instead (Fig. la, B and BS). These results are similar to those previously reported for the case of wheat embryos (Rodríguez-Sotres and Black, 1994) . The ability to accumulate TAG correlates with the TAG synthesis capacity of the embryos estimated by the ability of the embryos to incorporate labeled acetate into TAG during a 4-h feeding period (Fig. 1, b and c) . Although the TAG synthesis capacity was smaller at the end of the 96-h incubation period than at the beginning (Fig. lc) , it was still substantially higher in the treatments with ABA andlor mannitol than in those without. These results, together with those of Finkelstein and Somerville (1989) , Holbrook et al. (1992) that the regulation of TAG accumulation by ABA and the osmotic environment is not exclusive to wheat and could well be a widespread phenomenon. Finkelstein and Somerville (1989) found that there was an increase in the amount of total fatty acids when cultured embryos were treated with ABA or 0.69 M sorbitol. In agreement with this previous result, we found that the total amount of radiolabeled fatty acids synthesized in a 4-h period was significantly smaller in embryos incubated in dilute buffer and in the absence of ABA for 24 h than in embryos incubated in a medium supplemented with 10 p~ ABA and 500 mM mannitol (Table I) . lt is interesting that the level of free fatty acid extracted from the embryos in the same treatments showed an opposite response (Table I ). The increase in the level of free fatty acids could be related to the reduced incorporation of the fatty acid moieties into TAG. Before fatty acids are incorporated into storage lipids they must be transported from the plastids into the cytoplasm, and this transport cannot occur unless the free fatty acids are first produced by the acyl-ACP thioesterases (Ohlrogge et al., 1993) . The above results could indicate that one or more of the enzymes responsible for the incorporation of fatty acids into TAG (G3P-AT, LPA-AT, and DAG-AT) may be reduced in the embryos incubated in dilute buffer in the absence of ABA. In fact, DAG-AT has b e e n proposed as a rate-limiting enzyme for the whole TAG synthetic pathway (Ichihara et al., 1988; Griffiths and Harwood, 1991; Perry and Harwood, 1993; Katavic et al., 1995) , and recent evidence suggests that at least in Escherichia coli fatty acid synthesis may be regulated by the demand more than by the source itself (Ohlrogge et al., 1995) .
Therefore, we investigated the activities of G3P-AT, LPA-AT, and DAG-AT in the microsomal fractions obtained from embryos that had been previously incubated under the various conditions already mentioned. Figure 2 shows the in vitro activity of G3P-AT (Fig. 2a) , LPA-AT (Fig. 2b) , and DAG-AT (Fig. 2c) as determined in the microsomal fractions of 25-dpp maize embryos after 48 h of incubation under the conditions already mentioned. The results clearly parallel the TAG synthesis capacity of the embryos. In contrast and contrary to the proposal that acetyl-COA carboxylase catalyzes a rate-limiting step in fatty acid synthesis (Post-Beittenmiller et al., 1991 , acetyl-COA carboxylase total activity hardly changed in response to these factors (Fig. 2d) . This result agrees with the observation that the activity of this enzyme is not correlated with the rate of lipid synthesis in oilseed rape (Kang et al., 1994) . W e took no precautions to measure separately the acetyl-COA carboxylase isoenzymes; however, recent evidence indicates that only the plastidial acetyl-COA carboxylase isoenzyme is expressed in developing maize embryos. This evidence comes from direct quantification with the use of specific antibodies against the AccI , and from the analysis of AccI maize mutants resistant to acetyl-COA carboxylase inhibitors . Results in Figure 2 show that the observed levels of acetyl-COA activity are very high when compared with the acyltransferase activities; therefore, we consider it unlikely that this activity could be limiting in vivo in this species.
Dose-response curves of TAG accumulation (Fig. 3a) , TAG synthesis capacity (Fig. 3b) , and DAG-AT activity (Fig.  3c ) after 24 h of incubation indicate that the minimum concentration of ABA required to maintain the accumulation of TAG is about 4 PM. This value is larger than the one reported for wheat embryos (Rodríguez-Sotres and Black, 1994) , but still within the physiological range. In addition, maize cell cultures have been reported to be very active in ABA metabolism (Balsevich et al., 1994) and this could account for,the difference. In a11 of our experiments the incubation medium was replaced with fresh medium every 12 h.
This precaution was taken after we found that ABA was unable to prevent germination when the embryos were left in the same medium for severa1 days (data not shown). In contrast, wheat embryos did not germinate even after 6 d when 1 PM ABA was present in the incubation medium, regardless of how frequently the medium was replaced with a fresh one (R. Rodríguez-Sotres, unpublished observation).
The dose-response curves for TAG accumulation (Fig.  4a) , TAG synthesis capacity (Fig. 4b) , and DAG-AT in vitro activity (Fig. 4c) indicate that at environmental osmotic potentials less than -1.0 MPa, TAG synthesis and accumulation are maintained. This value is in close agreement with the one found for wheat (Rodríguez-Sotres and Black, 1994) and well within values of physiological relevance (Morris et al., 1991) . Similar results were found when PEG 6000 or sorbitol was used instead of mannitol at concentrations that produce the same osmotic potentials (data not shown).
Rodríguez-Sotres and Black (1994) also reported that a short incubation of developing wheat embryos in dilute buffer minus ABA (an "osmotic s h o c k ) was enough to induce a marked decrease in TAG synthetic rate 24 h after the event, even though the embryos were returned to a medium with low osmotic potential immediately after the treatment. These embryos slowly regained their TAG synthetic capacity at longer times if maintained in the presence of 0.4 M mannitol. We followed the same approach to see if ABA and/or the osmotic potential could in fact re-induce high levels of TAG synthesis. embryos were incubated for 6 h in buffer with or without 30 mM SUC, after which some embryos were returned to a medium with 600 mM mannitol (Fig. 5b) . As controls, some embryos were maintained in diluted buffer during the whole experiment, whereas others were kept in a buffer supplemented with Suc and mannitol from the time of isolation to the end of the incubation (Fig. 5a ). The results of this experiment indicate that ABA and the osmotic potential of the environment are able to restore the TAG synthetic capacity of immature maize embryos that have partially lost it. It is also clear that the loss of the TAG synthesis capacity and its recovery requires a rather long time and this suggests that protein synthesis might be involved. Figure 5 also shows that the activity of DAG-AT follows a similar pattern to the TAG synthesis ability of the embryos. We obtained very similar results when 10 PM ABA was used instead of 600 mM mannitol (not shown). These last results also support the hypothesis that ABA and the low osmotic potential act, at least in part, through the induction of higher activity levels of the acyltransferases involved in TAG synthesis.
In the previous experiments we followed the response of embryos incubated in dilute buffer in the absence of ABA, even though they had already started germination (those in B and BS treatments in the experiment shown in Fig. l c and those corresponding to the triangles at the longer incubation times in Fig. 5b) . Some of the previous results could be related to the onset of germination and it could be argued that the observed effects of ABA and the osmotic environment were an indirect consequence of their well-documented ability to inhibit germination (Bewley and Black, 1994). We tested this last possibility in 114, 1997 isolated scutellum halves excised from premature embryos of 25-dpp grains. We found that the isolated scutellum halves were unable to develop any visible sign of elongation or growth when incubated in dilute buffer even for 5 d, but the tissue was still able to incorporate
[14C]-acetate into the total lipid fraction at low levels (data not shown). The scutella were incubated for 72 h in dilute buffer alone or buffer supplemented with 30 mM SUC, 10 p~ ABA, 500 miv mannitol, and various combinations of these additions. The activities of DAG-AT determined in the microsomal fractions from the scutella are maintained at a leve1 close to the initial value only if the medium contains a high concentration of mannitol, ABA, or both (Fig. 6) . Therefore, the effects of ABA and the osmotic environment presented in this paper cannot be ascribed to their action upon germination.
Finally, an additional factor that has been implicated in the regulation of fatty acid accumulation in seeds is the synthesis of oleosins (Cao and Huang, 1986) , and the synthesis of the oleosin-mRNA has in fact been demonstrated to be under ABA control in developing maize seeds. We therefore tested whether the protein was also being translated more actively in those embryos that were actively synthesizing TAG. For this experiment the isolated embryos were incubated for 24 h in dilute buffer alone or supplemented with 30 mM SUC, 30 mM Suc, and 10 p~ ABA, or 30 mM Suc and 600 mM mannitol. After the treatment the embryos were fed simultaneously with [3H]-acetate and [35S]-Met for 5 h, and then the [3H]-TAG and the [35S]-oleosins were quantified as described in "Materials and Methods." The leve1 of oleosin synthesis clearly parallels the TAG synthesis capacity of the embryos (Table   11) . Although 3H incorporates into TAG with lower efficiency, these results are again in agreement with the other data presented in this paper and support the notion that oleosin synthesis and TAG deposition are regulated in synchrony (Cao and Huang, 1986) . The lower efficiency of 3H incorporation into TAG was confirmed by double labellncubation medium Figure 6 . Diacylglycerol acyltransferase activity (as rate per milligram of microsomal protein) was determined in the microsomal fraction obtained from scutellum halves dissected from 25-dpp developing maize embryos before (To) and after these scutella were incubated for 72 h in the same conditions described in Figure 1 . 
CONCLUSIONS
The synthesis of TAG during seed development is regulated by ABA and the osmotic environment in severa1 plant species. Evidence from the present work on maize embryos clearly indicates that these two factors are important for the induction and maintenance of high levels of activity of the three enzymes responsible for the incorporation of acyl moieties into TAG, and they are also important in maintaining the synthesis of the oleosins required for oil body formation. Although the actions of ABA and the osmotic environment on TAG accumulation are unlikely to be limited to this set of proteins, their effect on these acyltransferases and oleosin synthesis is certainly an important part of their regulatory role in the synthesis of this reserve.
